Tbx18 expression demarcates multipotent precursor populations in the developing urogenital system but is exclusively required within the ureteric mesenchymal lineage to suppress a renal stromal fate  by Bohnenpoll, Tobias et al.




1 Eqjournal homepage: www.elsevier.com/locate/developmentalbiologyTbx18 expression demarcates multipotent precursor populations in the
developing urogenital system but is exclusively required within the
ureteric mesenchymal lineage to suppress a renal stromal fate
Tobias Bohnenpoll 1, Eva Bettenhausen 1, Anna-Carina Weiss, Anna B. Foik,
Mark-Oliver Trowe, Patrick Blank, Rannar Airik, Andreas Kispert n
Institut für Molekularbiologie, OE5250, Medizinische Hochschule Hannover, Carl-Neuberg-Str. 1, D-30625 Hannover, Germanya r t i c l e i n f o
Article history:
Received 11 October 2012
Received in revised form
30 April 2013
Accepted 30 April 2013






Urogenital system06/$ - see front matter & 2013 Elsevier Inc. A
x.doi.org/10.1016/j.ydbio.2013.04.036
esponding author. Fax: +49 511 5324283.
ail address: kispert.andreas@mh-hannover.de
ual contribution.a b s t r a c t
The mammalian urogenital system derives from multipotent progenitor cells of different germinal
tissues. The contribution of individual sub-populations to speciﬁc components of the mature system, and
the spatiotemporal restriction of the respective lineages have remained poorly characterized. Here, we
use comparative expression analysis to delineate sub-regions within the developing urogenital system
that express the T-box transcription factor gene Tbx18. We show that Tbx18 is transiently expressed in the
epithelial lining and the subjacent mesenchyme of the urogenital ridge. At the onset of metanephric
development Tbx18 expression occurs in a band of mesenchyme in between the metanephros and the
Wolfﬁan duct but is subsequently restricted to the mesenchyme surrounding the distal ureter stalk.
Genetic lineage tracing reveals that former Tbx18+ cells of the urogenital ridge and the metanephric ﬁeld
contribute substantially to the adrenal glands and gonads, to the kidney stroma, the ureteric and the
bladder mesenchyme. Loss of Tbx18 does not affect differentiation of the adrenal gland, the gonad, the
bladder and the kidney. However, ureter differentiation is severely disturbed as the mesenchymal lineage
adopts a stromal rather than a ureteric smooth muscle fate. DiI labeling and tissue recombination
experiments show that the restriction of Tbx18 expression to the prospective ureteric mesenchyme does
not reﬂect an active condensation process but is due to a speciﬁc loss of Tbx18 expression in the
mesenchyme out of range of signals from the ureteric epithelium. These cells either contribute to the
renal stroma or undergo apoptosis aiding in severing the ureter from its surrounding tissues. We show
that Tbx18-deﬁcient cells do not respond to epithelial signals suggesting that Tbx18 is required to
prepattern the ureteric mesenchyme. Our study provides new insights into the molecular diversity
of urogenital progenitor cells and helps to understand the speciﬁcation of the ureteric mesenchymal
sub-lineage.
& 2013 Elsevier Inc. All rights reserved.Introduction
The urinary system is a multi-component entity consisting of
the kidneys, the ureters, the bladder and the urethra that together
control the water and ionic balance of the blood by excretion of
excess water, solutes and waste products. The urinary system is
structurally and functionally tightly associated with the adrenal
glands, as well as with the genital system that consists of sexually
dimorphic gonads, sex ducts and external genitalia.
A number of studies have begun to identify the progenitor
populations, their interaction and the temporal speciﬁcation ofll rights reserved.
(A. Kispert).sublineages for the different components of the urogenital system
in the mouse. While the lower parts of the urogenital system
including the bladder epithelium, the urethra, and the lower
aspect of the vagina derive from an infolding of the endoderm,
the cloaca, and its surrounding mesenchyme, most other compo-
nents are thought to be derivatives of the intermediate mesoderm
(Mugford et al., 2008; Wang et al., 2011). Expression of the
transcriptional regulator gene Osr1 is activated broadly within
the intermediate mesoderm starting from embryonic day (E) 7.5,
and is required for the development of adrenals, gonads, kidneys
and sex ducts suggesting that Osr1 marks the progenitors for all of
these components at this stage (James et al., 2006; Wang et al.,
2005). Within the urogenital ridge of E9.5-E10.5 embryos, the ﬁrst
sublineages emerge. Osr1 expression becomes gradually excluded
from the (coelomic) epithelium that lines the urogenital ridge and
from the epithelial Wolfﬁan duct to be restricted to the
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later at around E10.5, to the most posterior aspect from which all
cell types of the metanephros will arise (Mugford et al., 2008). The
Wolfﬁan duct epithelium that expresses the transcription factor
genes Lhx1, Pax2 and Gata3 (Grote et al., 2006; Pedersen et al.,
2005) contributes exclusively to the vas deferens in the male, the
epithelium of the ureter and the collecting duct system of the
kidney (Saxen, 1987), whereas the epithelial lining of the ridge
harbors a common pool of precursor cells for the gonads and the
adrenal glands (Hatano et al., 1996). This adrenogonadal primor-
dium that is marked by expression of the orphan nuclear receptor
gene Sf1 divides between E10-E11 into distinct progenitor popula-
tions for the adrenals and gonads (Ikeda et al., 1994; Keegan and
Hammer, 2002; Luo et al., 1994). The Sf1+ cells eventually differ-
entiate into the cortical cells of the adrenal gland, Sertoli and
Leydig cells of the testis, and granulosa and theca cells of the ovary
(Bingham et al., 2006). At E10.5, signals from the mesenchymal
condensation at the posterior end of the intermediate mesoderm,
the metanephric blastema, induce the formation of an epithelial
diverticulum from the Wolfﬁan duct, the ureteric bud. During
further development the ureteric bud invades the metanephric
blastema and initiates a program of branching morphogenesis to
generate the collecting duct system of the mature kidney. The
distal part merely elongates and differentiates into a highly
specialized type of epithelium, the urothelium. With each branch-
ing event a portion of the metanephric mesenchyme adjacent to
the branch tip, is induced by tip signals to condense and undergo a
mesenchymal–epithelial transition and form a renal vesicle from
which the nephron will mature (for a recent review see (Little and
McMahon, 2012). This cap or metanephrogenic mesenchyme is a
self-renewing population of nephron progenitors that expresses
the transcription factor genes Six2 and Uncx (Boyle et al., 2008;
Karner et al., 2011; Kobayashi et al., 2008; Neidhardt et al., 1997;
Self et al., 2006). Nephron progenitors are surrounded by Foxd1+
mesenchymal cells that will give rise to the stromal cells of the
renal capsule, cortex and medulla as well as to mesangial and
vascular smooth muscle cells (Hatini et al., 1996; Humphreys et al.,
2010; Levinson et al., 2005). Separation of the Six2+ nephron
lineage from the Foxd1+ stromal lineage within the Osr1+ pre-
cursor pool is thought to occur between E10.5 and E11.5 (Mugford
et al., 2008). Finally, Flk1+ cells within the metanephric mesench-
yme may contribute to the renal vasculature system (Gao et al.,
2005). While the developmental origin of most of the cell types of
the mature kidney has been characterized to an appreciable level,
much less is known about the speciﬁcation of the mesenchymal
progenitor pool of the smooth muscle and ﬁbroblast coatings of
the ureter and the bladder, and the temporal separation of this
lineage from the Six2+ and Foxd1+ progenitors of the metanephros.
Notably, it has been suggested that stromal cells of the kidney and
the ureteric mesenchyme do not actually arise from the inter-
mediate mesoderm but originate in the paraxial and/or tail-bud
mesoderm (Brenner-Anantharam et al., 2007; Guillaume et al.,
2009).
We have previously shown that the T-box transcription factor
gene Tbx18 marks the undifferentiated ureteric mesenchyme from
E12.5 to E14.5. At E11.5, Tbx18 is expressed in a narrow band of
cells between the mesenchyme surrounding the Wolfﬁan duct and
the metanephros (Airik et al., 2006). Prior to metanephric devel-
opment expression of Tbx18 was also noted in the mesonephros
(Kraus et al., 2001). In Tbx18−/−mice, descendants of former Tbx18-
positive cells (short: Tbx18+ descendants) do not differentiate into
smooth muscle cells of the ureter but dislocalize to the kidney and
differentiate into ﬁbroblast-like cells. As a consequence, the renal
pelvis becomes dramatically enlarged at the expense of the ureter,
and hydronephrosis develops at birth (Airik et al., 2006). This
suggested that the ureteric mesenchymal lineage is separatedearly from other mesenchymal lineages of the renal system, and
that separation is disturbed in Tbx18-deﬁcient mice. Fate mapping
efforts based on a cre knock-in in the Tbx18 locus harbored on a
BAC identiﬁed smooth muscle cells of the ureter and the bladder
as derivatives of former Tbx18+ progenitor cells (Wang et al.,
2009). However, it remained unclear whether the genomic region
covered by the BAC contained all Tbx18 control elements for
speciﬁc urogenital expression. Further, we neither know when
the ureteric lineage is speciﬁed nor do we know the mechanisms
by which the ureteric mesenchyme becomes localized around the
ureteric epithelium.
Here, we characterize the expression of Tbx18 in the developing
urogenital system. We describe the cell lineages to which Tbx18+
descendants contribute in the mature urogenital system, and
analyze their Tbx18-dependancy. We investigate the mechanisms
that restrict Tbx18 expression to the ureteric mesenchyme, and
provide evidence for the role that Tbx18 plays within this tissue.Materials and methods
Mice
R26mTmG (Gt(ROSA)26Sortm4(ACTB-tdTomato-EGFP)Luo) reporter mice
(Muzumdar et al., 2007), Tbx18lacZ (Tbx18tm3Akis), Tbx18GFP
(Tbx18tm2Akis) and Tbx18cre (Tbx18tm4(cre)Akis) knock-in alleles
(Bussen et al., 2004; Christoffels et al., 2006; Trowe et al., 2010)
were all maintained on an NMRI outbred background. Embryos
for gene expression analysis were derived from matings of
NMRI wildtype mice. Tbx18cre/+;R26mTmG/+ mice were obtained
from matings of Tbx18cre/+ males and R26mTmG/mTmG females.
Tbx18cre/lacZ;R26mTmG/+ mice were obtained from matings of
Tbx18cre/+;R26mTmG/mTmG males and Tbx18lacZ/+ females. Tbx18GFP/+
embryos were obtained from matings of Tbx18GFP/+ males with
NMRI females. For timed pregnancies, vaginal plugs were checked
in the morning after mating, noon was taken as embryonic day
(E) 0.5. Embryos, whole urogenital systems and kidneys were
dissected in PBS. For in situ hybridization and immunoﬂuorescence
analyses specimens were ﬁxed in 4% paraformaldehyde (PFA) in
PBS and stored in methanol at −20 1C. Genomic DNA prepared
from yolk sacs or tail biopsies was used for genotyping by PCR.
Organ cultures
Explant cultures of embryonic kidneys or urogenital systems
were performed as previously described (Airik et al., 2010). The
culture medium was replaced every 24 h.
For labeling experiments with the ﬂuorescent carbocyanine dye
DiI, a tungsten wire was dipped into the DiI tissue labeling paste
(Invitrogen) and excessive material was removed with a tissue
towel. The tungsten wire was then clamped into a micromanipu-
lator. Labeling of mesenchymal subpopulations within the meta-
nephric ﬁeld of E11.5 Tbx18GFP/+ kidney rudiments was performed
under visual control. Kidney explants were documented before
and after treatment and the perpendicular distance of labeled cells
from the ureteric epithelium was measured using ImageJ software
(Schneider et al., 2012). After two days of culture the distribution
of DiI labeled cells was assessed and plotted against the distance.
For the detection of apoptotic tissue in the metanephric ﬁeld
E11.5 kidney rudiments (Tbx18GFP/+) were explanted and cultured
for 24 h. The medium was subsequently replaced with 1 ml of
2.5 mM LysoTracker red DND-99 (L-7528, Invitrogen) in PBS and
the explant cultures were incubated for 30 min at 37 1C. Cultures
were then rinsed in PBS and documented.
For tissue recombination experiments, E11.5 acceptor kidney
rudiments (Tbx18GFP/+) were explanted. E12.5 ureters (Tbx18cre/+;
Fig. 1. Tbx18 expression during early urogenital development: (A,J) In situ hybridization analysis of whole wildtype embryos for Tbx18: (B,D). Histological staining (HE) of
transverse sections through the posterior trunk region on the planes indicated in (A,J) to describe anatomical landmarks. (C–H,L–Q) In situ hybridization analysis on adjacent
sections to compare expression of Tbx18 and markers of the intermediate mesoderm. (I,R) Co-immunoﬂuorescence analysis for SF1 and GFP on adjacent sections of Tbx18GFP/
+ embryos. Probes and stages are as indicated. ce: coelomic epithelium; da: dorsal aorta; wd: Wolfﬁan duct.
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lium was mechanically separated from the mesenchyme using
forceps. The uncoated ureteric epithelium was transplanted into
the Tbx18+ domain of the acceptor tissue distant to the endogen-
ous ureteric epithelium. The recombined tissues were cultured for
3 days with daily documentation.
For bead implantation experiments, E11.5 acceptor kidney
rudiments (Tbx18GFP/+) were explanted. AfﬁGel Blue beads (153-
7302, Bio-Rad) were rinsed in PBS and incubated with 50 mg/ml
rmWNT9B (3669-WN, R&D Systems), 1.6 mg/ml rmSHH (PMC8034,
Invitrogen), both or 1 mg/ml BSA for 4 hours at 4 1C. Beads were
implanted into the GFP+ domain of the acceptor kidneys. Cultures
were maintained for 2 days and GFP expression was documented
daily.Histological and histochemical analyses
Fixed embryos were dehydrated, parafﬁn embedded, and sec-
tioned to 5 mm. For histological analyses sections were stained
with haematoxylin and eosin. For the detection of antigens on
these sections, the following primary antibodies and dilutionsFig. 2. Tbx18 expression during early metanephric and ureter development. (A) In situ hyb
sections through the metanephric anlagen of the posterior trunk region at E10.5 (poster
row), of transverse sections through the E11.5 metanephric kidney (fourth row) and of E
pan-metanephric marker (Osr1), and with markers of the nephron lineage (Uncx, Pax2), o
in wildtype embryos. and (B) Co-immunoﬂuorescence analysis on sections through th
expression), FOXD1 and UNCX in Tbx18GFP/+ embryos. k: kidney; u: ureter; ue: uretericwere used: mouse anti-UPK1B (WH0007348M2-100UG, Sigma,
1:200), mouse anti-ACTA2 (F3777 and C6198, Sigma, 1:200), rabbit
anti-CDH1 (kindly provided by R. Kemler, MPI for Immunobiology
and Epigenetics, Freiburg, Germany, 1:200), rabbit anti-SF1 (Trans-
Genic Inc., preparation of antibodies by Dr. Ken-Ichirou Morohashi,
1:200), rabbit anti-DDX4 (ab13840, Abcam, 1:50), rabbit anti-
FOXD1 (kindly provided by A.P. McMahon, Harvard University,
MA, USA, 1:2000), rabbit anti-SIX2 (kindly provided by A.P.
McMahon, Harvard University, MA, USA, 1:1000), anti-SOX9
(AB5535, Millipore Chemicon, 1:200), rat anti-EMCN (kindly pro-
vided by D. Vestweber, MPI for Molecular Medicine, Münster,
Germany, 1:10), mouse anti-GFP (11 814 460 001, Roche, 1:200),
rabbit anti-GFP (sc-8334, Santa Cruz, 1:200). Fluorescent staining
was performed using Alexa 488/555-conjugated secondary anti-
bodies (A11034; A11008; 711-487-003; A21202; A21422; A21428,
Invitrogen/Dianova; 1:500) or biotin-conjugated secondary anti-
bodies (Dianova; 1:500) and the TSA Tetramethylrhodamine
Ampliﬁcation Kit (Perkin-Elmer).
Labeling with primary antibodies was performed at 4 1C over-
night after antigen retrieval (Antigen Unmasking Solution, Vector
Laboratories; 15 min, 100 1C), blocking of endogenous peroxidases
with 3% H2O2/PBS for 10 min (required for TSA) and incubation inridization analysis of whole posterior trunk halves at E10.5 (ﬁrst row), of transverse
ior is to the right, ventral to the bottom, second row), of whole E11.5 kidneys (third
12.5 kidneys with ureters (ﬁfth row) to compare expression of Tbx18 with an early
f the collecting duct and ureter epithelium (Pax2) and of the stromal lineage (Foxd1)
e metanephros at E10.5 and E11.5 with antibodies against GFP (visualizing TBX18
epithelium; us: ureter stalk; wd: Wolfﬁan duct.
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antibodies an additional IgG blocking step was performed using
the Mouse-on-Mouse Kit (Vector Laboratories). Sections were
mounted with Mowiol (Roth) or IS mounting medium (Dianova).
Parafﬁn sections used for TUNEL assay were deparafﬁnized,
rehydrated and than treated according to the protocol provided
with the Apop Tag Fluorescence Apoptosis detection kit (S7111,
Millipore).
In situ hybridization analysis
Whole-mount in situ hybridization was performed following a
standard procedure with digoxigenin-labeled antisense riboprobes
(Wilkinson and Nieto, 1993). Stained specimens were transferred
in 80% glycerol prior to documentation. In situ hybridization on
10 mm parafﬁn sections was done essentially as described
(Moorman et al., 2001). For each marker at least three indepen-
dent specimens were analyzed.
Image analysis
Whole-mount specimens were photographed on Leica M420
with Fujix digital camera HC-300Z, sections on Leica DM5000 B
with Leica digital camera DFC300 FX. All images were processed in
Adobe Photoshop CS4.Results
Tbx18 is expressed in a subregion of the urogenital ridge
Earlier work showed expression of Tbx18 in the urogenital ridge
but failed to delineate the precise subdomain (Kraus et al., 2001).
We therefore performed comparative in situ hybridization analysis
of expression of Tbx18 and of markers of (subregions of) the
urogenital ridge on transverse sections of E9.5 and E10.5 wildtype
embryos (Fig. 1). At E9.5, the entire urogenital ridge was marked
by expression of Osr1 and Wt1; the Wolfﬁan duct by expression of
Pax2, the adjacent tubule-forming mesonephric mesenchyme by
Pax2, and the epithelial (coelomic) lining of the ridge by Aldh1a2.
Sf1 was not expressed at this stage. Tbx18 expression was never
detected in the epithelial Wolfﬁan duct and the Pax2+ mesoneph-
ric mesenchyme but was present in the more medially located
mesenchyme close to the dorsal aorta, and overlapping with
Aldh1a2 expression in the coelomic epithelium (Fig. 1C H). At
E10.5, the coelomic epithelium of the urogenital ridge was positive
for Sf1 and Aldh1a2, and the Wolfﬁan duct for Pax2 expression.
Osr1 was conﬁned to the mesenchymal compartment of the
intermediate mesoderm. Tbx18 was found in a subregion of the
Osr1+ mesenchyme in the medial aspect close to the hinge
between the urogenital ridge and the dorsal mesenterium, com-
plementary to Wt1 that was expressed in the epithelium and the
lateral mesenchyme. Expression of Tbx18 was no longer detectedFig. 3. Lineage analysis of Tbx18+ descendants in the urogenital system. (A–C) GFP/
RFP epiﬂuorescence analysis of urogenital systems from Tbx18cre/+;R26mTmG/+
embryos at E18.5 (A) and at 3-weeks of age (B,C) of both male (A,B) and female
sex (C). GFP (green) marks Tbx18+ cells and their descendants, RFP (red) marks all
other cells in the urogenital system. (D–Y) Immunoﬂuorescence analysis of
expression of the lineage marker GFP on sections of E18.5 testis (D–I), adrenal
gland (J–L), kidney (M–S), ureter (T–V) and bladder (W–Y). Boxed areas are
magniﬁed for co-expression analysis of GFP and cell type markers as indicated.
Scale bars represent 100 mm (D,J), 500 mm (M,W), 50 mm (T–V,Y), 10 mm (E–I,K,L,N–S,
X). a: adrenal gland; b: bladder; c: cortex; cm: cap mesenchyme; g: glomerulus; k:
kidney; Lc: Leydig cell; m: medulla; p: pelvis; t: testis; tc: testis cord; u: ureter; ue:
ureteric epithelium; um: ureteric mesenchyme; ut: ureter tip; v- vessel. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)in the epithelial lining of the ridge that was positive for Sf1 at this
stage (Fig. 1K Q). Co-immunoﬂuorescence analysis for GFP and SF1
(in Tbx18GFP/+ embryos) conﬁrmed the expression domain of Tbx18
Fig. 4. Lineage analysis of Tbx18+ descendants in the metanephric/ureteric development. (A) Co-immunoﬂuorescence analysis of expression of the lineage marker GFP and
the marker of smooth muscle cells, ACTA2 on sagittal sections of the ureter at E18.5. (B) Co-immunoﬂuorescence analysis of expression of the lineage marker GFP on sagittal
sections of the kidney at E18.5. Z1-3 relate to three regions used to determine the contribution of GFP+ cells. (C) Quantiﬁcation of the contribution of GFP+ cells to stromal
cells in the three regions of the kidney. Z1: control: 39+/−4, mutant: 40+/−4, p¼0.935; Z2: control: 27+/−10, mutant: 23+/−5, p¼0.504; Z3: control: 4+/−1, mutant: 17+/−3,
p¼ 0.001. (D) in situ hybridization analysis of GFP expression in Tbx18cre/+;R26mTmG/+ kidneys at different developmental stages as indicated. (E) GFP/RFP epiﬂuorescence
analysis of metanephric explants from E11.5 Tbx18cre/+;R26mTmG/+ embryos at 0, 2 and 4 days of culture. GFP (green) marks Tbx18+ cells and their descendants, RFP (red)
marks all other cells in the explants. a: adrenal; k: kidney; u: ureter; ut: ureter tip. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
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Tbx18 is expressed transiently in the coelomic epithelium and in a
mesenchymal subdomain of the urogenital ridge.
Tbx18 is expressed in a mesenchymal subregion of the metanephric
ﬁeld before it is restricted to the ureteric mesenchyme
Our previous work showed that during metanephric develop-
ment Tbx18 is expressed in a narrow band of mesenchymal cells
abutting the mesenchyme of the Wolfﬁan duct and the meta-
nephric kidney at E11.5 before expression becomes conﬁned to the
mesenchyme surrounding the ureter from E12.5 onwards (Airik
et al., 2006). To determine the onset of Tbx18 expression in the
mesenchymal cells of the metanephric anlage (the metanephric
ﬁeld) and deﬁne the relationship to the precursor populations of
known metanephric cell lineages, we performed in situ hybridiza-
tion analysis of whole kidney rudiments as well as of adjacent
sections through the posterior trunk at E10.5 and E11.5. At each
stage, we compared expression of Tbx18 to that of Foxd1, a marker
for the stromal lineage of the metanephros (Hatini et al., 1996), to
that of Uncx, a marker for the cap mesenchyme (Karner et al.,
2011), to Pax2 which marks the cap mesenchyme as well as the
Wolfﬁan duct and its epithelial outgrowths (Dressler et al., 1990),
and to Osr1 (Mugford et al., 2008; So and Danielian, 1999).
At E10.5, Osr1 expression encompassed the mutually exclusive
domains of Tbx18 and Uncx/Pax2. Expression of Foxd1 was scarcely
detectable at this stage. At E11.5, Foxd1 expression surrounded in acircle-like fashion the cap mesenchyme that was positive for Osr1,
Uncx and Pax2. Tbx18 expression surrounded the ureter stalk in an
exclusive fashion. At E12.5, Tbx18 was restricted to the mesench-
yme surrounding the distal ureter whereas expression of Foxd1
and Uncx/Pax2/Osr1 was restricted to the stromal and the cap
mesenchyme of the kidney, respectively (Fig. 2A). Immunoﬂuor-
escence analysis of GFP (visualizing TBX18) and FOXD1/UNCX
expression on transverse sections of E10.5 and E11.5 Tbx18GFP/+
embryos conﬁrmed that TBX18 protein was not co-expressed with
either of these markers (Fig. 2B). These data show that Tbx18
expression deﬁnes a molecularly distinct sub-population of
mesenchymal cells in the early metanephric ﬁeld.
Tbx18+ cells of the urogenital ridge and the early metanephric ﬁeld
contribute to multiple components of the mature urogenital system
To determine the contribution of Tbx18+ cells in the urogenital
ridge and the early metanephric ﬁeld to the components of the
mature urogenital system, we irreversibly labeled the descendants
of these populations using a cre/loxP-based genetic approach with
a Tbx18cre-line generated in our laboratory and the sensitive
Rosa26mTmG reporter (Muzumdar et al., 2007; Trowe et al., 2010).
In the Rosa26mTmG reporter line cells that have undergone recom-
bination express membrane-bound GFP while non-recombined
cells express membrane-bound RFP.
In E18.5 and 3-week old whole urogenital systems, GFP
epiﬂuorescence was found in the gonads, the kidneys, the ureters,
T. Bohnenpoll et al. / Developmental Biology 380 (2013) 25–36 31the bladder and additionally in the adrenals that are associated
with the urogenital system (Fig. 3A–C). To characterize the con-
tribution of Tbx18+ descendants to the differentiated cell types in
these organs, we performed co-immunoﬂuorescence analysis with
antibodies directed against GFP and cell-type speciﬁc markers on
sections of E18.5 Tbx18cre/+;Rosa26mTmG/+ embryos. In the testis,
GFP expression was found in the tunica albuginea, interstitium and
testis cords in a dorsal to ventral gradient (Fig. 3D). Coexpression
analysis with cell-type speciﬁc markers showed that Tbx18+
descendants contributed to Leydig cells in the interstitium (SF1)
(Luo et al., 1994), to most but not all Sertoli cells (SOX9) (Morais da
Silva et al., 1996), to smooth muscle cells of the tunica albuginea
(ACTA2) but not to germ cells (DDX4) (Fujiwara et al., 1994)
(Fig. 3E–I). In adrenals, GFP+ cells were restricted to the SF1+
steroidogenic cells of the cortex (Luo et al., 1994) (Fig. 3J–L).
Compatible with the notion that Tbx18+ descendants contribute
to steroidogenic cells of the gonad and the adrenal gland, we
observed coexpression of the lineage marker GFP with SF1, a
marker for the adrenogonadal precursor pool (Bingham et al.,Fig. 5. Lineage analysis and apoptosis of Tbx18+ mesenchymal cells in early kidney r
explants from E11.5 Tbx18GFP/+ embryos at 0, 1 and 2 days of culture. GFP (green) marks th
Shown are two representative examples of DiI-injected cells ending up in the renal strom
duct (lower row). Boxed regions are shown in higher magniﬁcations below. (B) Quantita
from the ureteric epithelium at E11.5. (C) Analysis of cell death by lysotracker staining
1 day. Arrows point to cell death in the lateral ureteric mesenchyme. (D) Analysis of cell d
Tbx18GFP/GFP embryos. Arrows point to cell death in the lateral ureteric mesenchyme. u, u
legend, the reader is referred to the web version of this article.)2006), in the coelomic lining of E10.5 Tbx18cre/+;Rosa26mTmG/+
embryos (Supplementary Fig. S1).
In E18.5 kidneys, the distribution of GFP expression appeared
graded being more prominent at the medial (where Tbx18+ cells
originally resided) than at the lateral side of the organ (Fig. 3M). In
the medial region of the kidney, GFP expression was excluded
from cells expressing the epithelial marker CDH1 (Vestweber et al.,
1985), the endothelial marker EMCN (Morgan et al., 1999), and the
cap mesenchyme marker SIX2 (Karner et al., 2011; Self et al., 2006)
indicating that Tbx18+ descendants do not contribute to the
collecting duct system, the endothelial network of the kidney, or
the nephron lineage, respectively (Fig. 3N–P). Coexpression in the
cortical stroma with FOXD1 and with the smooth muscle marker
ACTA2 in arteries and in glomeruli argue that a substantial fraction
of interstitial cells, vascular smooth muscle and mesangial cells
in the medial kidney region derive from Tbx18+ progenitors
(Fig. 3Q–S). In the ureter, all cells of the mesenchymal coating
(ﬁbroblasts of the lamina propria, smooth muscle cells and
adventitial ﬁbroblasts) expressed GFP conﬁrming earlier resultsudiments. (A) Combined brightﬁeld and epiﬂuorescence analysis of metanephric
e Tbx18 expression domain, the red ﬂuorescence indicates DiI-injected cell clusters.
a (upper row), and of cells localizing to the space between kidneys and the Wolfﬁan
tive evaluation of localization of DiI-injected cells in dependence from the distance
in explants of E11.5 kidney rudiments from Tbx18GFP/+ embryos cultured for 0 and
eath by the TUNEL assay in E11.5 and E12.5 kidneys rudiments from Tbx18GFP/+ and
reter; Wd, Wolfﬁan duct. (For interpretation of the references to color in this ﬁgure
Fig. 6. Regulation of Tbx18 expression and ureteric fates by signals from the ureteric epithelium. (A) Combined brightﬁeld and GFP/RFP epiﬂuorescence analysis of E11.5
metanephric explants from E11.5 Tbx18GFP/+ embryos at 0, 1, 2 and 3 days of culture; GFP (green) marks Tbx18+ cells in unmanipulated cultures (control), in cultures from
which the ureter was removed (w/o ureter); after transplantation of an RFP+ (red) R26mTmG/+ ureter stripped of mesenchymal cells into the distal domain of Tbx18+ cells
(ectopic ureter) in Tbx18GFP/+ and Tbx18GFP/GFP rudiments. (B) In situ hybridization analysis of transverse ureter sections of E12.5 control (wt) and Tbx18GFP/GFP embryos of
expression of Tcf21, of the target of SHH-signaling, Ptch1, and of the target of canonical WNT-signaling, Axin2. (C) GFP epiﬂuorescence analysis of explants from E11.5 Tbx18GFP/+
embryos cultured for 0 and 2 days in the presence of BSA-, WNT9B-, SHH- or WNT9B/SHH-soaked beads. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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from Tbx18+ mesenchymal cells (Fig. 3T–V) (Trowe et al., 2012). In
the bladder, GFP expression was graded from dorsal to ventral
within the smooth muscle cell layer but was absent from the
urothelium (Fig. 3W–Y).
We conclude, that Tbx18+ cells in the developing urogenital
system are multipotent and contribute to all mesenchymal cell
types in the ureter but also to a large degree to the stromal,
mesangial and smooth muscle cells of the medial region of the
kidney, to the bladder mesenchyme, to the cortical steroidogenic
cells of the adrenal gland and to somatic cells of the gonads.
Tbx18 is required for ureteric differentiation of mesenchymal cells
Our previous analysis has shown that Tbx18 is required for
differentiation of the ureteric mesenchyme into smooth muscle
cells but has not addressed a critical involvement of the gene in
the development of the other organs of the urogenital system, to
which Tbx18+ descendants largely contribute. We, therefore, ana-
lyzed Tbx18-deﬁcient embryos (Tbx18cre/lacZ;R26mTmG/+) at E18.5, i.e.
shortly before these mice die due to skeletal defects, for histolo-
gical and molecular changes in the development of these organs.
Analysis of the adrenal gland by histological staining, co-
immunoﬂuorescence of the lineage marker GFP and the marker
of steroidogenic cells SF1, and quantiﬁcation of GFP+ cells in the
cortex did not detect any difference in the distribution
and differentiation of Tbx18+ descendants in wildtype and
Tbx18-deﬁcient adrenals at this stage. Expression of Akr1c18 and
Cyp11b1, markers of the inner cortical layer (Lalli, 2010), and of
Wnt-4, a marker of the outer cortical layer (Heikkila et al., 2002),
was unaffected in the mutant showing that zonation into medulla
and inner and outer cortex occurred normally (Supplementary
Fig. S2). Histological staining and co-expression analysis with
subsequent quantiﬁcation of the previously used differentiation
markers SOX9 (Sertoli cells), DDX4 (germ cells), and SF1 (Leydig
cells) did not detect any difference between wildtype and
Tbx18-deﬁcient testes at this stage either (Supplementary Fig.
S3). Differentiation of mesenchymal and epithelial lineages was
also unaffected in the bladder and the kidney in the absence of
Tbx18 (Supplementary Figs. S4,S5).
However, in the kidney, the contribution of GFP+ cells to both
the medullary and cortical stroma on the lateral side was
enhanced, whereas the few GFP+ cells of the ureter failed to
differentiate into smooth muscle cells (Fig. 4A–C). In situ hybridi-
zation of the lineage marker Gfp on sections of kidneys of earlier
stages revealed that Tbx18+ descendants dislocalized laterally onto
the kidney as early as E12.5 (Fig. 4D). To further visualize the
altered contribution to stromal cells in Tbx18-deﬁcient kidneys, we
explanted E11.5 metanephric rudiments and followed the GFP
epiﬂuorescence in culture (Fig. 4E). In the control (Tbx18cre/+;
R26mTmG/+) GFP+ cells localized to the ureteric mesenchyme and
the stromal cells of the kidney particularly those of the medial
cortex. In Tbx18-deﬁcient embryos (Tbx18cre/lacZ;R26mTmG/+), GFP
expression was reduced around the short ureter but strongly
enhanced in the medullary stroma around the distorted pelvic
region. Of note, GFP+ cells now surrounded branching ureteric
epithelium unlike in the control (Fig. 4E). We conclude from this
analysis that Tbx18 is required in uncommitted precursor cells to
adopt the ureteric fate. In absence of Tbx18 these cells contribute
to the renal stroma.
A spatially restricted subset of Tbx18+ mesenchymal cells contributes
to the deﬁnite ureteric mesenchyme after E11.5
As Tbx18 is exclusively required within the ureteric mesench-
ymal lineage, we wished to learn about the mechanisms thatconﬁne Tbx18 expression in the early metanephric ﬁeld, and
suppress the stromal in favor of the ureteric mesenchymal fate.
To determine whether Tbx18+ cells of the early metanephric ﬁeld
contribute randomly or in a spatially deﬁned manner to the
ureteric mesenchyme, we isolated kidney rudiments of E11.5
Tbx18GFP/+ embryos and explanted them onto ﬁlter membranes.
The red ﬂuorescent dye DiI was injected at deﬁned distances from
the ureteric epithelium onto small cell clusters within the Tbx18+
domain (as visualized by GFP ﬂuorescence from the Tbx18GFP
allele) and the distribution of the red ﬂuorescence was determined
after 2 days (Fig. 5A, Supplementary Fig. S6). Two outcomes were
observed: DiI injected into mesenchymal cells in a distance of up
to 200 mm from the ureteric epithelium contributed to the kidney
stroma whereas DiI injected more distally ended up as an
amorphous mass in between the Wolfﬁan duct and the kidney.
Localization of DiI+ cells to the GFP+ ureteric mesenchyme was
never observed (Fig. 5B). Lysotracker staining of E11.5 metanephric
rudiments explanted for 1 day detected apoptotic cells in the
lateral domain of the ureteric mesenchyme that had lost Tbx18
expression at this time but not in those adjacent to the ureteric
epithelium (Fig. 5C). To exclude a culture artefact, we also
analyzed apoptosis by TUNEL staining in sections of E11.5 and
E12.5 embryos. At both stages we detected apoptosis in mesench-
ymal cells lateral to but not adjacent to the short ureter stalk.
Intriguingly, apoptosis in this domain was completely lost in
Tbx18-deﬁcient embryos (Fig. 5D).
We conclude that only a minor fraction of the mesenchymal cells
initially positive for Tbx18 contribute to the deﬁnite ureteric
mesenchyme, most likely those in direct proximity to the epithe-
lium (that we were unable to label by this technique). Cells within
a 200-mm range of the ureteric epithelium contribute to the
kidney stroma whereas cells further away undergo apoptosis. In
Tbx18-deﬁcient embryos, lateral Tbx18+ descendants fail to undergo
apoptosis but may additionally contribute to the renal stroma.
Epithelial signals impose a ureteric fate onto Tbx18+ cells
Given the ﬁnding that only cells in direct vicinity of the ureteric
epithelium are likely to contribute to the deﬁnitive ureteric
mesenchyme, we wished to test the role of epithelial signals in
maintaining Tbx18 expression and directing a ureteric fate to cells
in the early metanephric ﬁeld, and performed tissue recombina-
tion experiments in cultured explants of metanephric rudiments
of E11.5 Tbx18GFP/+ embryos (Fig. 6A). In a control experiment, GFP
expression was conﬁned to the mesenchymal tissue layer covering
the ureteric epithelium after 3 days of culture. Removal of the
ureter from E11.5 kidney explants resulted in a dispersal of GFP+
cells and their complete loss after 3 days. We then transplanted an
RFP-labeled ureteric epithelium (obtained from E12.5 R26mTmG/+
embryos) into the Tbx18+ domain in a position distant from the
ureteric epithelium of the host tissue. Interestingly, GFP expres-
sion was maintained in the lateral mesenchyme and GFP+ cells
accumulated around the ectopic RFP+ ureteric epithelium. In
contrast, when a RFP-labeled ureteric epithelium was transplanted
into the lateral GFP+ domain of kidney explants of E11.5 Tbx18GFP/lacZ
embryos, GFP+ cells did not accumulate around the ectopic ureter
(Fig. 6A). Together, these results strongly suggest that epithelial
signals are required and sufﬁcient to maintain Tbx18 expression
and to impose a ureteric fate onto Tbx18+ cells. Epithelial signals
do not act in a distance to induce a condensation process but
merely seem to impinge onto the adjacent layer of mesenchymal
cells. In absence of Tbx18, mesenchymal cells can no longer
respond to signals from the ureteric epithelium.
We have recently shown that canonical (Ctnnb1-dependent)
WNT signaling is required to maintain Tbx18 expression and
induce smooth muscle differentiation in the ureteric mesenchyme
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from the epithelial compartment (Yu et al., 2002). In Tbx18-
deﬁcient ureters, Tcf21+-mesenchymal cells surrounding the ureter
did not express Axin2 and Ptch1, targets of the canonical WNT- and
SHH-signals that are secreted from the epithelial compartment in
the mutant (Fig. 6B). We conclude that Tbx18 is required in
uncommitted precursor cells to respond to epithelial signals and
to adopt the ureteric fate.
To address the question whether WNT and/or SHH signals are
sufﬁcient to maintain Tbx18 expression in the lateral domain in
which it is lost after E11.5, we explanted E11.5 kidney rudiments
and implanted beads soaked with SHH and/or WNT9B protein
(Wnt9b is co-expressed with Wnt7b in the ureteric epithelium)
into this domain (Trowe et al., 2012). Neither BSA control nor
WNT9B-, SHH- or WNT9B/SHH-beads maintained GFP, i.e. Tbx18
expression, in the lateral domain (Fig. 6C), arguing that WNTs
cooperate with other as yet unknown epithelial signals to main-
tain Tbx18 expression and possibly determine the ureteric fate.Discussion
Tbx18+ progenitors contribute to multiple cell types in the urogenital
system
We have demonstrated that descendants of Tbx18+ cells con-
tribute to a variety of cell types within the urogenital system
including cells within the gonads, the kidney, ureter, bladder and
adrenal gland. Our expression analysis together with the genetic
lineage tracing of Tbx18+ cells argue that cellular contribution to
the adrenal gland and gonads on one hand and to the kidney,
ureter and bladder on the other hand reﬂect two independent
expression domains of Tbx18; one in the urogenital ridge and the
other one in the metanephric ﬁeld, and that the latter represents a
novel subpool of progenitors fromwhich the ureteric mesenchyme
will eventually arise.
Transient expression in the epithelial lining of the urogenital
ridge around E9.5 is likely to present a common precursor pool for
the gonads and the adrenals. In fact, the contribution to interstitial,
Sertoli and tunica albuginea cells in the gonad and steroidogenic
cells of the adrenal cortex is virtually identical to that identiﬁed by
a genetic approach based on expression of Sf1, a marker for this
primordium (Bingham et al., 2006). Tbx18 expression in the
epithelial lining of the ridge is transient and seems to slightly
precede that of Sf1 in this domain. Compatible with expression in
the unseparated progenitor pool for both tissues, we recently
noted sex reversal and loss of adrenals in mice with conditional
Tbx18cre-mediated deletion of Ctnnb1 (Trowe et al., 2012). In fact,
identical phenotypes were observed upon an Sf1cre-mediated
deletion of this mediator of the canonical branch of WNT signaling
in mice (Kim et al., 2008; Liu et al., 2009). At this point, we do not
have the technical means to independently evaluate the contribu-
tion of the mesenchymal expression domain of Tbx18 in the early
urogenital ridge. However, since this domain does not overlap
with Pax2 in the mesonephros, we suggest that it does not mark
progenitors for mesonephric tubules but for stromal cells that are
associated with these structures.
In contrast to our initial expectations, we found that the Tbx18+
cells that are located in the metanephric ﬁeld between the
mesenchymal populations of the metanephros and the Wolfﬁan
duct, are not yet speciﬁed to a ureteric mesenchymal fate but are a
multipotent population that contributes to interstitial cells of the
kidney (cortical and medullary stromal cells, mesangial cells and
vascular smooth muscle cells), to all mesenchymal cells of the
ureter and to a subset of smooth muscle cells of the bladder. Most
notably, our expression analysis as well as the fate mapping clearlyshows that the Tbx18+ lineage is at all time points separated from
the Six2+Uncx+ progenitors from which nephrons will develop.
Tbx18 expression does not overlap with the stromal marker Foxd1
at E11.5. However, Foxd1 is not expressed at E10.5 in the meta-
nephric ﬁeld strongly suggesting that Tbx18 expression at this
stage encompasses progenitors of renal stromal cells as well as of
the ureteric mesenchyme. Hence, within the Osr1+ metanephric
ﬁeld two lineages are established at E10.5: the Six2+Uncx+ nephron
lineage and the Tbx18+ lineage of kidney stromal cells/ureter and
bladder mesenchyme. Between E10.5 and E11.5 the Tbx18+ and
Foxd1+ lineages are completely separated. Tbx18+ cells lying in
direct proximity to the ureteric epithelium will maintain Tbx18
and differentiate into all mesenchymal cell types of the ureter.
Cells which loose Tbx18 expression will either die or contribute to
the renal stroma and the bladder mesenchyme. Due to lack of
appropriate markers and adequate culture settings we cannot
ﬁrmly state when the mesenchymal lineages of the ureter and
bladder separate but assume that it occurs around the same time.
Tbx18-Cre cell lineage tracing with a BAC-based approach
recently reported contribution of Tbx18+ descendants to smooth
muscle cells of the bladder and the ureter in the mature urogenital
system. The more restricted contribution in this genetic setting
may relate to a less sensitive detection system used but more
likely reﬂects the lack of regulatory elements in the BAC used for
construction of a Tbx18–Cre transgene (Wang et al., 2009). Our
Tbx18cre allele was constructed by inserting a cre orf into the start
codon of the Tbx18 locus (Trowe et al., 2010). Analysis of cre
expression in the urogenital system as well as at extrarenal sites
showed that expression of cre faithfully mimics endogenous
expression of Tbx18 strongly arguing that all control elements of
Tbx18 are preserved and direct appropriate expression of cre from
this allele (Christoffels et al., 2009; Trowe et al., 2012). Further-
more, the sensitive Rosa26mTmG reporter line allows a cellular
resolution of all recombination events. Hence, we are convinced
that our genetic lineage tracing system is technically sound and
provides a true image of the widespread distribution of Tbx18+
descendants in the urogenital system.
Tbx18+ cells do not condense to form the deﬁnitive ureteric
mesenchyme
We previously suggested that the band of Tbx18+ mesenchymal
cells in the E11.5 metanephric ﬁeld condenses around the ureteric
epithelium to form the deﬁnite ureteric mesenchyme until E12.5.
Our genetic lineage tracings as well as our DiI injection in the
Tbx18+ domain at E11.5 contradict this “condensation” model but
suggest that only a minor fraction of the cells initially positive for
Tbx18 become the precursors for smooth muscle cells and ﬁbro-
blasts of the ureter. In fact, the majority of cells in this domain
switch off Tbx18 expression, and depending on the distance from
the ureter contribute to the kidney stroma (the more proximal
ones) or localize to the tissue in between the kidney and the
Wolfﬁan duct (the more distal ones). The latter population under-
goes apoptosis, a process that may aid in severing the connections
between the two organs. Only the few cells in proximity to the
ureteric epithelium maintain Tbx18 expression. Our further experi-
ments suggest that the ureteric mesenchyme is speciﬁed between
E11.5 and E12.5 by signals from the ureteric epithelium. Data from
canonical WNT pathway manipulation presented in this study as
well in a recent report from our lab strongly suggest that WNT
signals are required to maintain but are not sufﬁcient to induce
Tbx18 expression (Trowe et al., 2012). We suggest that other
signals from the epithelium, but not SHH, cooperate with WNT
signals to maintain Tbx18 expression and specify a ureteric fate to
allow further differentiation of ureteric ﬁbroblasts and smooth
muscle cells.
T. Bohnenpoll et al. / Developmental Biology 380 (2013) 25–36 35Our analysis of Tbx18-deﬁcient embryos has shown that Tbx18
is not required for development of any of the components of the
urogenital system except the ureter. Tbx18 seems to act in a sub-
pool of mesenchymal precursors of the metanephric ﬁeld to favor
a ureteric at the expense of a renal stromal fate. Since target genes
for signals from the ureteric epithelium (i.e. SHH and WNTs) are
not activated in Tbx18-deﬁcient cells, we suggest that Tbx18 acts as
a prepatterning gene to make the cells competent to receive
signals emanating from the epithelial compartment. However,
our analysis has also shown that transient Tbx18 expression in
mesenchymal cells of the early metanephric ﬁeld is required to
induce apoptosis in the lateral domain to avoid the formation of
ectopic ligaments between the gonads, the kidney and the ureter
as observed in Tbx18-deﬁcient urogenital systems.Acknowledgments
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